Ferritin is a ubiquitous iron storage protein utilized as a nanomaterial for labeling biomolecules and nanoparticle construction. Commercially available preparations of horse spleen ferritin, widely used as a starting material, contain a distribution of ferritins with different iron loads. We describe a detailed approach to the enrichment of differentially loaded ferritin molecules by common biophysical techniques such as size exclusion chromatography and preparative ultracentrifugation, and characterize these preparations by dynamic light scattering, and analytical ultracentrifugation. We demonstrate a combination of methods to standardize an approach for determining the chemical load of nearly any particle, including nanoparticles and metal colloids. Purification and characterization of iron content in monodisperse ferritin species is particularly critical for several applications in nanomaterial science.
Introduction
Iron is an essential element necessary for human life which is stored in the ubiquitous and highly conserved protein ferritin. The protein plays a key role in iron metabolism and its ability to sequester the element allows ferritin to be essential to iron detoxification and reserve. Regulation of iron is critical to many biological processes and deviation leads to many diseased states [1] [2] [3] [4] [5] .
Ferritin is an iron-storage protein distributed in high concentrations in the liver and spleen but also found in the heart and kidney. Ferritins from all species have 24 protein subunits arranged in 4,3,2 symmetry to form a spherical and hollow complex with an approximately 8 nm diameter cavity capable of storing up to 4500 iron atoms [3] . The protein shell is highly conserved with a combined molar mass of around 500 kDa [4, 5] , and both the apo-and iron-loaded form have been well-characterized by a wide range of spectroscopic, crystallographic, and biochemical assays, to determine their structure and function. Research efforts on ferritin were also concentrated on its mechanism and regulation in diseased states [2, 6] .
Early studies focused on the stability of the protein in solution and subsequently the molar mass was determined by sedimentation equilibrium. Before statistical computer-power facilitated data analysis, both Björk et al and Crichton et al successfully determined the stoichiometry of horse spleen apoferritin as a 24-mer using analytical ultracentrifugation (AUC) [7, 8] . Studies also characterized both apoferritin and iron-loaded horse spleen ferritin by sedimentation velocity [9, 10] , where s-values of 16.5 S and 59-69 S, respectively, were obtained [10] .
Much of the recent research on ferritin transitioned from basic structure-function relationships to a nanoparticle model for metal load and colloid mixture analysis, as the protein Nanotechnology Nanotechnology 27 (2016) 045102 (10pp) doi:10.1088/0957-4484/27/4/045102
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cage of ferritin has been proven useful as a storage vessel for a multitude of minerals of other metals including gadolinium, lead, cadmium, nickel, cobalt, chromium, and gold [11] [12] [13] [14] [15] [16] . Ferritin has also recently been used to create magnesium-, cobalt-, and copper-based nanoparticles for electronics with conductive and magnetic properties [17] . However, it has become increasingly apparent that control of the size and mineral load is critical to fabrication of nanomaterials such as memory devices [18] and for fluorescent labeling of biomolecules [19] . Cölfen and Völkel [11] previously described the difficulties associated with obtaining particle size distributions of ferritin due to protein oligomerization and density differences due to differentially loaded iron species. To address the problem, his group combined the sedimentation coefficient distribution through AUC with size-dependent diffusion coefficient distribution from flow-field fractionation to yield additional information on the hybrid colloid. With this approach, it was hypothesized that the ferritin molar mass could be determined for each oligomer as long as sedimentation coefficients were previously determined by AUC. However, the broad nature of the sedimentation coefficient distribution due to iron loading and aggregation in the flowfield flow fractionation technique prevented a global tool to determine partial specific volume and molar mass distributions.
A separate approach was used to determine nanoparticle core weight that utilizes light scattering and viscosity to measure ferritin iron content [20] . The theory behind the determination is that the weight per nanoparticle of any component of the nanoparticle (core or polymer) can be obtained by determining the number of nanoparticles per unit volume and then using the appropriate value of weight per unit volume. However in the determination of ferritin-iron content, the paper acknowledges that both measurements do not account for iron content polydispersity and that ferritin was never purified to remove higher order aggregates. Here, we describe a standardized method for determining the maximum load of several sources of ferritin by purification of the monomeric protein by size exclusion chromatography, sizing by dynamic light scattering, isolation of maximally loaded species by preparative centrifugation, and finally, mass determination by sedimentation velocity and sedimentation equilibrium AUC. We also present procedures for improving core size homogeneity utilizing sucrose-gradient preparative ultracentrifugation.
Materials and methods

Size exclusion chromatography
Horse spleen apoferritin (cat. no. A3641-500mg, batch 048K7004) and ferritin (cat. no. F4503-1g, batch 096K70121) were purchased as 50 mg ml −1 solutions from Sigma-Aldrich. Horse spleen ferritin (cat. no. 17044101C, lot 303232) was also obtained as a lyophilized preparation containing sucrose from Amersham Biosciences (now GE Healthcare). Size exclusion chromatography was performed on all samples to isolate the monomeric species. A HiLoad 16/60 Superdex 200 preparative grade column (GE Healthcare) was used in phosphate buffered saline (PBS, Life Technologies) to remove traces of dimer and tetramer apoferritin species, and aggregated ferritin. All subsequent experiments were carried out on the isolated monomeric species of ferritin and apoferritin, containing the fully assembled 24-mer protein shell.
Dynamic light scattering
The translational diffusion coefficients D and hydrodynamic diameters D h were determined from an autocorrelation analysis of the scattered light at 514.5 nm on a Brookhaven Instruments BI200SM laser light scattering setup. A set of autocorrelation functions for monomeric apoferritin (A 280 ∼1.3) and ferritin (A 280 ∼1.0) were accumulated for 2 min at 19°C and an angle of 90°using a Brookhaven Instruments BI9000AT autocorrelator with sampling times of 0.6 μs to 10 ms. The second cumulant Γ 2 (expressed as a hydrodynamic diameter) and moment μ 2 (expressed in terms of the polydispersity μ 2 /Γ 2 ) were obtained using the Brookhaven Instruments dynamic light scattering analysis software 9KDLSW (Version 2.12) [21] . Data were also analyzed in terms of a regularized CONTIN distribution of hydrodynamic radii.
Preparative ultracentrifugation for iron-loaded ferritin 5%-30% (w/v) sucrose gradients in PBS were prepared in Beckman Coulter thin wall polypropylene tubes (14 ml) using a BioComp Gradient Master automatic gradient maker. Ferritin monomer samples were layered on top of the gradient and resolved on a Beckman Coulter Optima XL-100K in an SW40-Ti rotor at 38 000 rpm for 2.5 h at 4°C. Twenty four 0.5 ml fractions were manually collected from the top of the gradient in a top-down manner such that the early fractions represent the top of the gradient. Fractionated samples were buffer exchanged by size exclusion chromatography to remove the sucrose. Note that fractionated samples of SigmaAldrich ferritin were buffer exchanged on a HiPrep 26/60 Sephacryl S200 high resolution column (GE Healthcare). Fraction 17 was the furthest fraction, for both the SigmaAldrich and Amersham preparations, that provided sufficient material for subsequent analyses.
Analytical ultracentrifugation
Sedimentation velocity experiments were performed at 20°C on a Beckman Coulter ProteomeLab XLI following standard protocols [22] . Samples of apoferritin and unfractionated ferritin were loaded (A 280 ∼1.0) into 2-channel 12 mm path length sector shaped cells and thermally equilibrated at zero speed. Absorbance and interference velocity scans were subsequently acquired at 18 000 rpm and approximately 7 min intervals-absorbance data were collected in a continuous mode as single measurements at 280 nm using a radial spacing of 0.003 cm. Samples of fractionated Sigma-Aldrich ferritin were analyzed in a similar manner at 12 000 rpm-fractions were diluted to a loading A 280 of ∼1.0, except for fractions 5 and 17 which were studied without dilution at loading A 280 of 0.70 and 0.25, respectively. Samples of fractionated Amersham ferritin were studied at a loading A 280 of ∼0.75, except for fraction 17 which was studied at a loading A 280 of 0.39. Absorbance data were analyzed in SEDFIT 14.7 g [23] in terms of a continuous c(s) distribution of sedimenting species using a maximum entropy regularization confidence interval of 0.68. In all cases excellent fits were observed with root mean square deviations ranging from 0.0030 to 0.0061 absorbance units. Interference data for ferritin samples were not analyzed due to the low signal contribution of the sedimenting species. The partial specific volume of apoferritin was calculated based on the amino acid composition of the light chain peptide in SEDNTERP [24] (http://sednterp.unh.edu); the density ρ and viscosity η for PBS were also calculated in SEDNTERP. In the case of the fractionated ferritin samples, a c(s) model was used in which the frictional ratio f/f o is fixed and the partial specific volume refined. This accounts for the unknown partial specific volume; as these species have the same shape as apoferritin, the best-fit f/f o obtained for apoferritin was utilized.
The c(s) analysis, through the fixed f/f o and refined partial specific volume, provides an estimate of the molar mass for the sedimenting species, and thus the molar mass for the iron core. To determine an average value for the partial specific volume of the iron core we utilized the definition of the sedimentation coefficient s:
where M represents the molar mass of the sedimenting particle, v the partial specific volume, f the frictional coefficient, ρ the solution density, and N Avogadro's number. The buoyant molar mass of the sedimenting particle is assumed to have additive contributions from the apoferritin and iron core. Furthermore, all monomer ferritin species are assumed to have the same frictional coefficient as that of apoferritin, from which:
where the subscripts apo and fe-core describe the molar masses and partial specific volumes of the apoferritin protein and iron core components, respectively. A plot of sNf versus the mass of the iron core for ferritins with different iron content should yield a straight line with a slope v 1 , fe core (¯) r --from which an average v fe corē -can be determined. We note that the value of the partial specific volume determined using sedimentation velocity is an effective partial specific volume that includes contributions from hydration as described below.
Sedimentation equilibrium experiments were carried out at 20°C on a Beckman Optima XLA following standard protocols [22] . Samples of purified apoferritin in PBS were dialyzed exhaustively against PBS solutions containing 0%, 4%, 8%, 12%, 16% and 20% (w/v) sucrose solutions in PBS. Three concentrations of each sample, corresponding to loading A 280 of 0.3, 0.6 and 1.2, were loaded into 6-channel 12 mm path length cells and absorbance equilibrium data were collected at 3000, 5000 and 7000 rpm. 72 h were required to reach equilibrium at the lowest rotor speed and subsequent speeds. Absorbance data were collected in step mode as an average of six measurements at 280 nm using a radial spacing of 0.001 cm. Sorted data for each sucrose concentration were analyzed globally in SEDPHAT 12.1e in terms of a single ideal species to determine the buoyant molar mass M c 2 ( ) r ¶ ¶ [25] . Excellent fits were obtained with root mean square deviations ranging from 0.0034 to 0.0065 absorbance units. Buffer densities were measured at 20.000°C on an Anton Paar DMA5000 density meter.
Individual peak fractions 14, 15, 16 and 17 of Amersham ferritin in PBS were similarly characterized by sedimentation equilibrium with absorbance data collected at 20°C and rotor speeds of 3000 and 5000 rpm. Each fraction was studied at two loading concentrations of 0.35 and 0.7 A 280 , except for fraction 17 that was studied at loading A 280 concentrations of 0.17 and 0.34. Pooled SEC fractions from sucrose gradient fraction 16 were also studied using sucrose density contrast sedimentation equilibrium as above. Prior to sedimentation experiments, ferritin samples in PBS were dialyzed exhaustively against PBS solutions containing 0%, 4%, 8%, 12%, 16% and 20% (w/v) sucrose solutions in PBS. Sedimentation equilibrium data were collected at a single loading concentration corresponding to 0.65 A 280 .
Sedimentation equilibrium density contrast experiments, using sucrose as a cosolvent, were carried out to determine the partial specific volume and hydration parameter for apoferritin and ferritin. Using the formalism developed by Casassa and Eisenberg [26] , the experimentally determined buoyant molar mass can be described by:
where B 1 represents the protein-water interaction parameter in grams of water/gram of protein and relates to hydration, and the subscripts 1 and 2 refer to water and the protein of interest, respectively. In this analysis the particle is assumed to be invariant, namely that the hydration and other parameters do not change with sucrose concentration and that the interaction parameter with other co-solutes (B 3 ) is zero [26, 27] . A plot of the experimental buoyant molar mass versus density, and knowledge of the molar mass, leads to values for the partial specific volume v 2 and hydration parameter B 1 .
Protein determination
Ferritin protein concentrations were determined using a modified Lowry protein assay kit (Thermo Scientific, product 23240) following the manufacturer's instructions and protocol. Bovine serum albumin provided in the kit was used as a standard. Absorbance measurements were carried out on an Agilent 8453 UV-visible spectrophotometer at 750 nm. All measurements were performed at least twice (using separate BSA standard curves) in duplicate. A 100-fold dilution of the nominally 49 mg ml −1 stock solution of apoferritin was found to have a concentration of 0.57±0.01 mg ml −1 using this method. Based on the UV absorption spectrum and calculated extinction coefficient at 280 nm, this 100-fold diluted solution was found to have a concentration of 0.614±0.015 mg ml −1 , validating the modified Lowry assay within the error of the method.
Iron determination
The iron content for a selected ferritin fraction was determined by atomic absorption spectroscopy on a Perkin Elmer PinAAcle 9007 atomic absorption spectrometer. The assay was carried out in triplicate for a 250-fold dilution of the sample and corrected for the iron content of the PBS solution.
Results and discussion
Commercial solution preparations (Sigma-Aldrich) of horse spleen apoferritin and ferritin were found to contain aggregates and low molar mass contaminants and both samples were purified to yield the monomeric species by size-exclusion chromatography prior to analysis. Whereas, the apoferritin sample contained traces of smaller species and approximately 22% of dimer and larger aggregates based on the integrated absorbance signal, the ferritin sample itself contained a significantly higher proportion of aggregate ( figure 3(a) ). Using a modified Lowry protein assay we found that each ml of the crude ferritin solution contains approximately 18 mg of monomeric material and 23 mg of aggregate, in terms of protein content. The purified monomer preparations were characterized by dynamic light scattering to determine their particle size and verify their monomeric nature. The apoferritin preparation had an average diameter of 12.9 nm with a sample polydispersity of 0.03; similarly the ferritin preparation returned an average diameter of 12.1 nm with a sample polydispersity of 0.15 ( figure 1(a) ). The ironbound species, ferritin, was found to have a slightly smaller diameter than apoferritin, reflecting in part the approximately 20-fold lower protein concentration [28] , though such a slight contraction of the protein shell has also been observed by transmission electron microscopy [29] and hydrodynamic studies [30] . Due to the increased scattering properties of ferritin, much lower concentrations of material had to be used for both light scattering and sedimentation experiments. An additional benefit of sizing by dynamic light scattering is to confirm the monomeric purity of both species after size exclusion.
A sedimentation velocity analysis of the purified monomeric species confirmed the purity of the apoferritin and demonstrated the iron-loading polydispersity of ferritin ( figure 1(b) ). The c(s) profile for apoferritin showed the presence of essentially a single species with an average sedimentation coefficient of 16.55 S (s 20,w =17.16 S) and an estimated molar mass of 500±20 kDa (table 1). The best-fit frictional ratio f/f o obtained using the absorbance data was 1.27, a value similar to that previously reported [31] and typical for a hydrated, globular protein. In contrast, the c(s) profile for monomeric ferritin was consistent with the presence of a polydisperse sample spanning 16-80 S, suggestive of a polydisperse iron-load as previously reported [8] .
We utilized rate-zonal ultracentrifugation to fractionate the monomeric ferritin and enrich for a sample containing a maximal iron-load. Both ferritin and apoferritin were layered on top of 5%-30% w/v sucrose gradients, fractionated, and monitored for protein content by measuring the absorbance at 280 nm ( figure 2(a) ). The observed distributions mirrored the sedimentation c(s) profiles ( figure 1(b) )-apoferritin produced a major absorbance peak at fraction 4, whereas the distribution of ferritin peaked at fractions 10 and 11 but contained protein between fractions 5 and 17. Since the size of both ferritin and apoferritin are nearly identical and ratezonal centrifugation separates on the basis of both mass and size, the broad distribution for ferritin is a consequence of polydispersity in mass or core mineralization.
To determine the contribution of iron and protein content, AUC was used to determine sedimentation coefficients of Parameters determined by sucrose density contrast sedimentation equilibrium. Errors are based on errors in the slope and intercept of the best-fit straight line to a plot of buoyant molar mass versus density. For the purposes of the calculation, the ferritin sample was assumed to have a full complement of iron.
d Molar mass and partial specific volume based on sedimentation velocity data fit to a c(s) distribution of sedimenting species in which the frictional coefficient is fixed at 1.27. The correction to s 20,w is based on the best-fit partial specific volume indicated within the same row. Note that in the case of Sigma-5, the presence of apoferritin complicated the determination of the molar mass and partial specific volume for the 26.9 S species, representing a partially filled ferritin. e Molar mass based on a partial specific volume of 0.422 ml g −1 , representing the average best-fit value for Amersham fractions 14-17 determined by sedimentation velocity. The error is based on data from two loading concentrations. Figure 2 . Fractionation and characterization of ferritin. (a) Monomeric Sigma-Aldrich ferritin was fractionated on a 5%-30% (w/v) sucrose gradient. Absorbance profiles for apoferritin (blue) and ferritin (red) following centrifugation at 38 000 rpm for 2.5 h on a SW40Ti rotor, and fractionation. Fraction 1 is the top of the gradient, whereas fraction 24 is the bottom. (b) Selected sedimentation velocity c(s) profiles for monomeric ferritin fractions resolved on a 5%-30% sucrose gradient and purified by size exclusion chromatography. Profiles for fractions 5 (orange), 8 (dark yellow), 11(blue), 14 (red) and 17 (green) are shown, along with data for apoferritin (blue, scaled plot) and unfractionated monomeric ferritin (dashed black line). (c) Sedimentation velocity c(s) profiles for monomeric apoferritin (blue, scaled plot) and fractionated ferritin, fraction 17 corresponding to fully loaded ferritin (red). Fully loaded ferritin has a sedimentation coefficient of 60 S. differentially loaded ferritin molecules taken from the sucrose gradient. When the ferritin sample was fractionated from the sucrose gradient and purified again by size exclusion, the c(s) distributions of individual fractions were tighter than that for the unfractionated ferritin ( figure 2(b) ). As the fraction number increased, such that the sedimentation in the sucrose gradient increased, the average s-value from the AUC analysis also increased ( figure 2(b) ). This agrees with our hypothesis that fractions with larger sedimentation coefficients, as obtained from the sucrose gradient, are heavier and contain more iron molecules than apoferritin and lessmineralized ferritin species.
Ferritin fraction 17, the fraction with the highest average s-value, was found to have a sedimentation coefficient of 60.0 S. To obtain an estimate of the molar mass, we assumed that this species had the same size and shape as apoferritin and fixed f/f o to 1.27; the value for the partial specific volume was refined in the data analysis returning a molar mass of 890 kDa. Simple calculations were then employed to determine the iron load and the mass of the iron core was calculated at 410±20 kDa by subtracting the mass of apoferritin from the mass of maximally loaded ferritin. The molar mass aligns well with previously performed small-angle x-ray scattering analysis on maximally loaded ferritin purified by a cesium chloride gradient with a determination of 418 kDa [30] . Iron in ferritin is stored as a ferrihydrite analog with chemical formula
Based on the analog's formula mass, 410±20 kDa of ferrihydrite contains 230±11 kDa of iron, corresponding to 4090±200 iron atoms in agreement with published values of ∼4000 [5, 9, 33, 34] . The best-fit partial specific volume of 0.465 ml g −1 for ferritin results in a calculated partial specific volume of approximately 0.12 ml g −1 for the ferrihydrite core, indicating that this material has an unusually high density within ferritin. Of note, the molecular volume of 82 nm 3 calculated for such as dense core corresponding to 410 kDa of the ferrihydrite analog is smaller than the volume of the interior cavity determined as 212 nm 3 , using a diameter of 7.4 nm [32] .
Similar calculations were carried out for ferritin fractions having a smaller sedimentation coefficient. As expected, the decrease in the sedimentation coefficient was accompanied by a decrease in the molar mass and an increase in the partial specific volume, indicative of a smaller iron load (table 1, figure 5 ).
To further validate observations for ferritin having a complete iron complement, similar experiments were carried out using an alternate source of horse spleen ferritin. A lyophilized preparation utilized as a high molar mass standard in size exclusion chromatography was used (Amersham Biosciences). Unlike the preparation from Sigma-Aldrich, this material contained a significantly higher proportion of monomeric ferritin. Monomeric ferritin now represents the major species in the size exclusion absorbance profile ( figure 3(a) ), and based on the modified Lowry assay we found relative protein ratios of 3.3 mg monomer and 0.37 mg of aggregate. Surprisingly, the sedimentation velocity c(s) profiles for both the unpurified ferritin and unfractionated monomeric ferritin indicated the predominant presence of approximately 70 S species ( figure 4(a) ). The relative proportions of slower sedimenting species was decreased when compared to the profile observed in figure 1(b) . Such an observation was confirmed by sucrose density fractionation whereby all of fractions 14, 15, 16 and 17 ( figure 4(b) ) were found to consist of approximately 70 S ferritin (table 1, figure 5(b) ). As detailed in table 1, sedimentation velocity data for these fractions shows the presence of a 71±0.9 S species with an estimated average molar mass of 970±12 kDa, corresponding to an iron load of 4890±120 iron atoms in the form of the ferrihydrite analog.
Based on the sedimentation coefficient and estimated molar masses, this purified preparation appears to have a higher iron load than the 60 S ferritin described above. This is also evidenced by a smaller best-fit partial specific volume of 0.422 ml g −1 (table 1) . We combined these data, with that for the Sigma-Aldrich ferritin fractions containing less iron to obtain an estimate of the partial specific volume for the iron. As described in 'Materials and methods' we used the definition of the sedimentation coefficient to calculate a frictional coefficient for apoferritin, and applied this value to all of the purified ferritin fractions. A plot of the experimental SNf as a function of the estimated molar mass, expressed in terms of the mass of the iron core, returns a best-fit linear slope of 0.82±0.05 ( figure 5) . This corresponds to a partial specific volume of 0.18±0.04 ml g −1 . Even with a maximal ferrihydrite load of 490 kDa for the 70 S ferritin, the estimated volume of 115 nm 3 is still smaller than the total cavity volume of 212 nm 3 . The best-fit intercept, representing the buoyant molar mass of apoferritin, corresponds to a molar mass of 480±50 kDa, a value identical to that expected for monomeric apoferritin and the value assumed when determining the molar mass of the iron core.
To obtain an independent estimate of the iron content we utilized atomic absorption spectrometry for a purified Amersham ferritin fraction. A peak fraction from the size-exclusion purification of sucrose gradient fraction 15 was found to contain 63±12 μg ml −1 of protein using the modified Lowry assay and 30.65±0.09 mg l −1 of iron. These values correspond to apoferritin and iron concentrations of 0.13±0.025 μM and 549±2 μM, respectively, resulting in a load of 4200±800 iron per apoferritin. Based on these assays, the purified 70 S ferritin appears to have a complete iron load. Due to the lack of sufficient material, we were unable to carry out such a determination for the purified 60 S Sigma-Aldrich ferritin. Furthermore, we note that the pooled monomer ferritin fractions following sucrose gradient fractionation and subsequent size-exclusion contained ∼15-56 μg ml −1 of protein, with size-exclusion peak fractions having from 20 to 70 μg ml −1 of protein ( figure 3(b) ). The combined sucrose gradient fractions 14, 15, 16 and 17 for Amersham ferritin contained approximately 1 mg of total protein. The pooled purified monomer fractions eluting at 110 min ( figure 3(a) ) contained approximately 35 mg of protein, resulting in a total yield of 2.9%. It should be noted however, that only 80% of the central four fractions corresponding to the monomer peak fraction were used for subsequent sucrose gradient fractionation.
Sedimentation equilibrium experiments were also carried out to further determine the molar masses of the 17 S apoferritin and 70 S Amersham ferritin fractions. As in the sedimentation velocity experiments, sedimentation equilibrium data collected at multiple concentrations were consistent with the presence of a single species (figures 6(a) and 7(a)). Using the calculated partial specific volume based on the amino acid sequence, these experiments return a molar mass of 480±9 kDa for apoferritin consistent with the expected 24-mer stoichiometry for the fully assembled monomer (table 1) . Similar experiments on the purified ferritin fractions 14, 15, 16 and 17 return an averaged molar mass of 920±30 kDa consistent with a ferritin having a full complement of iron (table 1). In this case the best-fit partial specific volume of 0.422 ml g −1 obtained from sedimentation velocity was used.
We have observed that the best-fit f/f o for apoferritin is identical to that usually observed for hydrated, globular proteins such as bovine serum albumin, a standard utilized in sedimentation velocity studies [35, 36] . As noted by de Haën [37] , this observation is rather surprising given the large central cavity. Even though the sedimentation velocity analysis returns a correct molar mass estimate, the interpretation and determination of and shape as apoferritin and fixed depend on knowledge of the partial specific volume v and possible hydration contributions B 1 . We therefore carried out a series of density contrast sedimentation equilibrium experiments on purified apoferritin in PBS solutions containing different concentrations of sucrose to determine these parameters, as described in [27] . The observed buoyant molar mass decreased linearly with increasing solution density ( figure 6(b) ) suggesting the presence of an invariant particle. Based on a calculated sequence molar mass of 478 714 Da for a 24-mer apoferritin composed of light chain protein, the analysis of the best-fit linear relation returns a partial specific volume of 0.732±0.016 ml g −1 and a hydration contribution of 0.23±0.01 g g −1 . The value of the partial specific volume is, within the error of the method, identical to that determined based on the amino acid sequence. Protein hydration is typically of the order of 0.3 g g −1 , though smaller values have been reported [38] -in this particular case, the value is almost identical to that determined for aldolase when using sucrose as a cosolvent for density contrast [27] . Surprisingly, the method does not appear to capture the interior volume of the apoferritin, expected to contribute 0.267 g of water per gram of protein for an interior shell with a diameter of 7.4 nm [30] , indicating that the sucrose populates the interior of the apoferritin.
Similar experiments were carried out on pooled fractions of purified Amersham ferritin to determine whether the method of density contrast is able to account for the volume occupied by the ferrihydrite interior. As in the case of apoferritin, the observed buoyant molar mass decreased linearly with increasing solution density ( figure 7(b) ). However, due to the higher ferritin density the overall decrease in mass was not as pronounced. This, together with the error in the method and the extrapolation to zero density, leads to large errors in the estimate of the hydration and partial specific volume parameters (table 1) . Assuming a mass of 900 kDa for the ferritin, this analysis returns a partial specific volume of 0.41±0.23 ml g −1 and a B 1 of 0.50±0.24 g g −1 . Despite the error, the value of B 1 is significantly larger than that for apoferritin; in molecular terms the hydration parameter for apoferritin corresponds to a volume of 180±10 nm 3 , whereas that for ferritin with a complete iron core corresponds to a volume of 750±360 nm 3 accounting for the occupied interior and exclusion of sucrose.
Conclusions
Ferritin is an important, highly conserved, and ubiquitous protein essential to the storage of a mineral necessary for many biological processes including oxygen transport and several imperative redox reactions. The importance of iron is highlighted by the human diseases associated with too much iron (hemochromatosis; porphyria) [39] or too little iron in the blood (iron deficiency anemia) [40] . Hemochromatosis is triggered by a mutation in the HFE gene that causes increased iron absorption and toxicity linked to cirrhosis, diabetes, and several other difficulties [41] . Porphyria can be caused by the buildup of iron leading to increased porphyrin, a problem in oxygen transport [42] . Iron deficiency anemia, as the name suggests, is a lack of iron, typically caused by diet, and leads to decreased hemoglobin among others, causing heart and growth problems [43] .
Ferritin has also been widely used for labeling biomolecules and even nanoparticle construction as the apoferritin shell can load many different types of inorganic compounds other than iron [13] [14] [15] [16] [17] [18] [19] . Nanoparticles are routinely loaded with chemical moieties for targeting, detection, and function, and determination of the maximum load of these particles is important for design and delivery. We have standardized an approach to purify and characterize homogenous populations of ferritin for nanomaterial construction. We showed how a combination of chromatography, dynamic light scattering, and preparative and AUC can overcome limitations of other biochemical assays such as ELISA which are unable to distinguish between ferritin and apoferritin. Importantly, we have shown how AUC can be used to estimate the iron load of the paucidisperse ferritin preparations, taking advantage of the fact that the monomeric ferritin has essentially the same diffusion properties as that of the well-characterized apoferritin, irrespective of iron load. Using this standardized approach, researchers can more accurately elucidate the number of conjugated entities to a specific particle of interest prior to clinical testing. In the same light, organic-inorganic hybrid colloids and biopolymers have gained interest lately as the possibility of combining the properties of organic and inorganic material provide researchers additional tools for medicine and technology [44] . Again, this approach can potentially be utilized to characterize a single component of the overall larger complex.
